As the life sciences have become more data intensive, the pressure to incorporate the requisite training into life-science education and training programs has increased. To facilitate curriculum development, various sets of (bio)informatics competencies have been articulated; however, these have proved difficult to implement in practice. Addressing this issue, we have created a curriculum-design and -evaluation tool to support the development of specific Knowledge, Skills and Abilities (KSAs) that reflect the scientific method and promote both bioinformatics practice and the achievement of competencies. Twelve KSAs were extracted via formal analysis, and stages along a developmental trajectory, from uninitiated student to independent practitioner, were identified. Demonstration of each KSA by a performer at each stage was initially described (Performance Level Descriptors, PLDs), evaluated, and revised at an international workshop. This work was subsequently extended and further refined to yield the Mastery Rubric for Bioinformatics (MR-Bi). The MR-Bi was validated by demonstrating alignment between the KSAs and competencies, and its consistency with principles of adult learning. The MR-Bi tool provides a formal framework to support curriculum building, training, and self-directed learning. It prioritizes the development of independence and scientific reasoning, and is structured to allow individuals (regardless of career stage, disciplinary background, or skill level) to locate themselves within the framework. The KSAs and their PLDs promote scientific problem formulation and problem solving, lending the MR-Bi durability and flexibility. With its explicit developmental trajectory, the tool can be used by developing or practicing scientists to direct their (and their team's) acquisition of new, or to deepen existing, bioinformatics KSAs. The MR-Bi is a tool that can contribute to the cultivation of a next generation of bioinformaticians who are able to design reproducible and rigorous research, and to critically analyze results from their own, and others', work.
Introduction
During the past two decades, many commentators [1] ; [2] ; [3] ; [4] ; [5] ; [6] ; [7] ; [8] ; [9] ; [10] have drawn attention to the wide gap between the amount of life-science data being generated and stored, and the level of computational, data-management and analytical skills needed by researchers to be able to process the data and use them to make new discoveries. Bioinformatics, the discipline that evolved to harness computational approaches to manage and analyze life-science data, is inherently multi-disciplinary, and those trained in it therefore need to achieve an integrated understanding of both factual and procedural aspects of its diverse component fields. Education and training programs require purposeful integration of disciplinespecific knowledge, perspectives, and habits of mind that can be radically different. This is true whether the instruction is intended to support the use of tools, techniques and methods, or to help develop the next generation of bioinformaticians, and thus can be difficult to achieve, particularly in limited time-frames [11] ; [12] .
Several international surveys have been conducted to better understand the specific challenges for bioinformatics training (e.g., [13] ; [14] ; [12] ; [15] ). While all agree on the necessity of integrating computational skills and analytical thinking into life-science educational programs, they nevertheless acknowledge that the difficulties of achieving this in a systematic and formal way remain. To try to address these issues, various groups around the world began developing curriculum guidelines, defining core (bio)informatics competencies necessary to underpin life-science and biomedical degree programs (e.g., [16] ; [17] ; [18] ; [19] ; [20] ; [21] ). Competencies represent what individuals can do when they bring their Knowledge, Skills and Abilities (KSAs) together appropriately [22] , and at the right level(s), for the right application, to achieve a given task. Competencies are thus multi-dimensional, highly complex, task-specific, behaviors.
Using competencies to guide curriculum development has proved problematic (e.g., [23] ; [24] ; [25] ; [26] ; [27] ). In consequence, the Accreditation Council for Graduate Medical Education in the United States has shifted their definition of "competencies-based medical education" towards a specifically developmental approach that specifies and implements "milestones" [28] ; [29] . This is a shift of focus for curriculum design (whether recognized or not) from the end-state of education (i.e., acquired competencies) to how learners need to change-to develop-en route to achieving those desired end-states. In other words, curriculum design also needs to include "the route" or developmental trajectory [30] . This has been acknowledged in diverse contexts: for medical education, Holmboe et al. (2016) [28] discuss the need to structure "teaching and learning experiences. . .[in order] to facilitate an explicitly defined progression of ability in stages"; for bioinformatics, Welch et al. (2016) [20] call for community-based efforts to "[i]dentify different levels or phases of competency" and "provide guidance on the evidence required to assess whether someone has acquired each competency." In other words, both the steps along the way and the way are requisite to a curriculum that supports the achievement of milestones and competencies (see [31] ).
In developing curricula that both promote acquisition, integration, and retention of skills and incorporate developmental considerations, part of the challenge is the time-frame available for instruction: formal education can follow structured, long-term programs, but training is generally delivered within limited time-frames [11] ; [12] . In such circumstances, the time available to align instruction with learners' levels of complexity of thinking (and experience) is limited; other considerations, including the prior experience and preparation of the learners, are also factors. Nevertheless, it is possible to address developmental considerations for both short-and long-form learning experiences [32] by appeal to Bloom's Taxonomy of the Cognitive Domain [33] , which specifies a six-level hierarchy of cognitive skills or functioning:
1. Remember/Reiterate-performance is based on recognition of a seen example(s); 2. Understand/Summarize-performance summarizes information already known/given; 3 . Apply/Illustrate-performance extrapolates from seen examples to new ones by applying rules;
4. Analyze/Predict-performance requires analysis and prediction, using rules; 5 . Create/ Synthesize-performance yields something innovative and novel, creating, describing and justifying something new from existing things/ideas; 6 . Evaluate/Compare/Judge [34] -performance involves applying guidelines, not rules, and can involve subtle differences arising from comparison or evaluation of abstract, theoretical or otherwise not-rule-based decisions, ideas or materials. (This representation, with "evaluate/judge" at the pinnacle, is from the original Bloom taxonomy, while the 2001 revision characterized "create/synthesize" as the most cognitively complex ( [34] ; see [30] , for discussion of how the original formulation suits the higher/graduate/post graduate context)).
The hierarchy in Bloom's taxonomy is developmental [30] ; this highlights a problem for some of the proposed competencies for practicing scientists (e.g., [17] ; [19] ). Specifically, most of the articulated competencies require very high-level Bloom's, and nearly all require the use of several Bloom's cognitive processes seamlessly, sometimes iteratively. Without a specific built-in developmental trajectory that can lead a learner from lower-to higher-level Bloom's (and thence to the integration of the multiple cognitive processes on the spectrum of activities that bio-/medical informatics practice requires), the competencies may simply be too cognitively complex to serve as achievable end-states.
The Mastery Rubric: A curriculum-development and -evaluation tool
Given the challenges, it is perhaps not surprising that efforts to incorporate competencies into teaching and training have been problematic. Motivated by these issues, we have created a new curriculum-development and -evaluation tool: the Mastery Rubric for Bioinformatics (MR-Bi). Rubrics are typically used to provide a flexible but rigorous structure for evaluating student work [35] ; a Mastery Rubric is similar but describes the entire curriculum rather than individual assignments [30] . Creating a Mastery Rubric requires three key steps: 1) identifying the KSAs that a curriculum should deliver, or that are the targets of learning; 2) identifying recognizable stages for the KSAs in a clear developmental trajectory that learners and instructors can identify, and that instructors can target in their teaching and assessment; and 3) observable Performance Level Descriptors (PLDs; [36] ) on each KSA at each stage, describing evaluable changes in performance from less to more expert. Within a Mastery Rubric, PLDs clarify what instructors need to teach and assess at each stage, and articulate to students what they need to demonstrate, in order for the KSAs to be characterized as 'achieved' for that stage. To date, the Mastery Rubric construct has been used to design and evaluate graduate and postgraduate/ professional curricula in clinical research, ethical reasoning, evidence-based medicine, and statistical literacy (see [30] ).
Like competencies, KSAs can be highly complex; by contrast, however, KSAs are generali.e., the same KSA can be deployed differently to support different task-specific competencies. Hence, this paper focuses on KSA-based teaching and learning, to promote the likelihood of learners' adaptability to future new competencies. We emphasize fostering the development of KSAs within a structured framework that explicitly supports continuing growth and achievement. Specifically, we present the MR-Bi, a tool created to support the articulation and demonstration of actionable teaching and learning goals. The focus of this paper is on how the tool was developed; its uses and applications are the topics of our ongoing work.
Methods
Construction of the MR-Bi followed formal methods. The KSAs were derived via cognitive task analysis [37] ; the stages were derived using Bloom's taxonomy and the European guild structure ( [38] ; p.182), which maps how individuals can expect/be expected to grow and develop; and the PLDs evolved through a formal standard-setting procedure [39] , considering key aspects of the kind of critical thinking necessary in a given discipline. This application of standard-setting methodology (for a review, see [40] ) focused on qualitatively, rather than quantitatively, characterizing the performance ("body of work") of the minimally competent performer of each KSA at each stage. The interested reader is encouraged to review the workflow presented in the Supplemental Materials (Figure A in S1 File). This comprises a detailed description of the integration of theory, the cognitive task analysis, and the drafting of the KSAs using Bloom's taxonomy and the Messick criteria, with examples.
Face and content validity of the MR-Bi were also determined systematically. A degrees of freedom analysis [41] ; [42] was used to formally explore the alignment of the KSAs with existing biomedical informatics and bioinformatics competencies ( [17] , [19] ). Alignment of the MR-Bi with principles of andragogy ( [43] ) was also investigated. These alignment efforts serve to demonstrate whether and how the MR-Bi is consistent both with the goal of supporting achievement of competencies, and with andragogical objectives. The KSAs must be teachable to adults, and the PLDs must describe observable behaviors, if the MR-Bi is to be an effective and valid tool for instructors and learners.
KSA derivation via cognitive task analysis
A cognitive task analysis generated KSAs following the procedure described in the Supplemental Materials (Table A, Figure A , Text A in S1 File). KSAs that characterize the scientific method, reflecting what is requisite in scientific work (derived from [44] and [45] , and adapted by [46] ), were assumed to be essential to bioinformatics education and training [47] . These KSAs were refined with respect to community-derived competencies. The Welch et al. [19] competencies focus on the development of the bioinformatics workforce, while those of Kulikowski et al. [17] focus explicitly on curriculum development for doctoral training in health and medical informatics. Despite considerable overlap between them, we reviewed both sets to ensure that our cognitive task analysis, and the resulting KSAs, were comprehensive.
Identification of stages
In a Mastery Rubric, KSAs are described across a developmental continuum of increasing complexity. The specific developmental stages, derived from the European guild structure, are Novice, Beginner, Apprentice and Journeyman ( [30] ; [48] ; see also [49] for a recent similar strategy). In the MR-Bi, these stages use Bloom's taxonomy explicitly to characterize the interactions of the individual with scientific knowledge (and its falsifiability). Generally, someone who deals with facts (remembering them, but not questioning them or creating novel situations in which to discover them) is a Novice. A Beginner has a growing understanding of the experimental origins of facts they memorized as a Novice. The individual who can participate in experiments that are designed for them, making predictions according to rules they have learned, but not interpreting or evaluating, is an Apprentice. Although they are not explicit about this, undergraduate life-science programs generally support the transitions from Novice to Apprentice. These stages characterize the preparatory phases of anyone new to bioinformatics, irrespective of age or prior experience/training.
The guild structure characterizes the independent practitioner as a Journeyman: postgraduate education, or equivalent work experience, supports the transformation from Apprentice (learning the craft) to Journeyman (practitioner). Journeyman-level individuals are prepared for independent practice in the field, although newly independent practitioners generally still require some level of mentorship (e.g., in a post-doctoral context); such individuals are designated J1 Journeyman. The scientist whose doctoral program, or background and experience, has prepared him/her for fully independent scientific work is the J2 Journeyman. Crucially, an individual with a PhD (or equivalent) in biology, computer science or other scientific field may be a novice in bioinformatics: e.g., someone who deals with facts about programming or data resources, but who is unable to apply them to novel situations to discover new biological knowledge (which would require the higher-order cognitive functioning characteristic of the J1 Journeyman or J2 Journeyman performer). These "high level" descriptions guided the PLDdrafting process.
The developmental trajectory in a Mastery Rubric is evidence-based, not time-based: the performance of a KSA at any stage should lead to concrete and observable output or work products that can be assessed for their consistency with the PLDs by objective evaluators. Claims of achievement cannot be based on age, time-since-degree, job title, time-in-position, or other time-based indicators.
Standard setting for PLDs of each KSA at each stage
We followed the Body of Work approach [50] to writing the PLDs, refining descriptions of how a "minimally competent" individual [51] would carry out the KSAs at each stage to demonstrate that they were capable of performing them at that level. This standard-setting exercise (which commenced at a 2-day international workshop in Stockholm in September 2017) was intended to describe performance at the "conceptual boundary between acceptable and unacceptable levels of achievement" ( [52] , p. 433). Participants were bioinformatics experts working in the National Bioinformatics Infrastructure Sweden (https://nbis.se/). All had documented expertise within the field, ranging from programming to applied bioinformatics with a biological and/or medical focus; all were also highly engaged in training activities within the life science community across Sweden. Prior to the workshop, a white paper on the Mastery Rubric with draft KSAs and PLDs, and the Kulikowski et al. and Welch et al. competencies were sent for viewing and preparation. These and the background and methods outlined here were reviewed during the first half of day 1.
The workshop aimed to accomplish two facets of the PLDs: range finding and pin-pointing ( [50] . P. 202-203). Range-finding involved writing relatively broad descriptions of performance for each KSA at each developmental stage. To orient the participants, pin-pointing initially involved whole-group evaluation and revision of the PLDs across all stages for just three of the KSAs. Afterwards, participants were divided into three small, facilitated groups (n = 4 per group); each undertook pin-pointing of the draft PLDs for four KSAs during the remainder of the two days. Participants iteratively evaluated the KSAs and PLDs to ensure that they and the stages they represent made sense, and that the PLDs were plausible, consistent within each stage and not redundant across KSAs. A particular focus was on performance levels that characterize the independent bioinformatician; specifically, to determine whether the Journeyman level for each KSA was realistically achieved at one point (J1 Journeyman), or whether a second stage of development was required (J2 Journeyman) to achieve "full" independence. Thus, all PLD drafting and review/revisions were systematic and formal, following Egan et al.
(2012 [36] , pp 91-92) and Kinston & Tiemann (2012 [50] , pp 202-203), grounded both on expectations for earlier achievement and performance, and on how an individual could be expected to function once any given stage had been achieved.
Integrating KSAs, stages, and standards into the MR-Bi
The tasks performed by subject experts during the Stockholm workshop resulted in a completed first draft of the MR-Bi. Afterwards, final refinements (further pin-pointing and rangefinding) were made during weekly online meetings (2017-2019). Here, our effort was directed at revising the PLDs to build consistently across stages within a KSA, and to describe performance within stages across KSAs. The intention was that the PLDs should support conclusions about "what is needed" as evidence that a person has achieved a given stage for any KSA. To this end, the PLDs were aligned with Bloom's taxonomy, and written to reflect the core aspects of assessment validity outlined by Messick (1994 [53] ):
1. What is/are the KSAs that learners should possess at the end of the curriculum? 2. What actions/behaviors by the learners will reveal these KSAs?
What tasks will elicit these specific actions or behaviors?
Application of the Messick criteria ensured that the PLDs would represent concrete and observable behaviors that can develop over time and with practice. In particular, we focused on Messick questions 2 and 3 so that the MR-Bi would describe specific actions/behaviors learners or instructors could recognize as demonstrating that the KSA had been acquired to minimally qualify for a given stage. Overall, the creation of the MR-Bi followed methods intended to yield a psychometrically valid tool (e.g., [54] ).
Results

KSA derivation via cognitive task analysis
There are eight KSAs that characterize the scientific method (define a problem based on a critical review of existing knowledge; hypothesis generation; experimental design; identify data that are relevant to the problem; identify and use appropriate analytical methods; interpretation of results/output; draw and contextualize conclusions; communication). These were customized and enriched based on consideration of the 45 competencies articulated by Kulikowski et al. (2012) [17] and Welch et al. (2014) [19] , and ultimately, 11 distinct KSAs were derived.
Both sets of competencies include at least one about ethical practice or its constituents, but neither was sufficiently concrete to support a separate KSA. The PLD-writing process therefore began with the intention of integrating features of ethical science (e.g., promoting reproducibility, emphasizing rigorous science and a positivist scientific approach, and specifying attention to transparency) wherever these are relevant. However, it became clear that respectful practice, and awareness of the features of ethical conduct and misconduct, were missing. These considerations led to the identification of a 12 th KSA, "ethical practice" (and the rangefinding and pinpointing exercises were carried out again-see Supplemental Materials, Figure A 
Ethical Practice
The KSAs are easily recognizable as key features of bioinformatics practice. They are not intended to be restrictively factual (i.e., literally just knowledge), nor are they content-specific, because content is apt to change quickly and often: this makes the Mastery Rubric both durable and flexible with respect to discipline, obviating the need to develop a different Mastery Rubric for every sub-discipline. Hence, only two types of Prerequisite knowledge were identified: in biology and computational methods. A distinct KSA for Interdisciplinary integration was identified as a separate need, because developing the ability to integrate across those domains, and understanding the potential need for inclusion of other domains (biomedicine, statistics, engineering, etc.), are essential in bioinformatics.
Defining a problem based on a critical review of existing knowledge underpins the application of critical evaluation skills and judgment, based on what is already known, to determine what is not yet known. This KSA supports the definition of a bioinformatician as a scientist who uses computational resources to address fundamental questions in biology [55] ; [56] -i.e., it is intended to promote the bioinformatician's ability to solve biological problems. It also derives implicitly from the competencies, and explicitly from the Wild & Pfannkuch (1999) [44] model of scientific reasoning (and highlighted in [46] ). Hypothesis generation also emerged from the cognitive task analysis by appeal to theoretical and empirical scientific-reasoning models.
Experimental design, a crucial aspect of the scientific method, was included as a separate KSA in order to cover formal statistics, hypothesis testing, methodological considerations and pilot/sensitivity testing; this allowed the Prerequisite knowledge KSAs for biology and computational methods to focus on the background knowledge, and basic skills and abilities, that are foundational in each area, and the role of experiments and troubleshooting in each.
Given some level of overlap between them, consideration was given to whether KSAs needed to be separate. For example, we discussed whether statistical and engineering methods required their own KSA. The decision to include aspects of statistical inference and experimental design in each of the Prerequisite knowledge KSAs was based on a (perhaps aspirational) objective to define these basic features as "prerequisite". This formulation left the more complex and interdisciplinary characteristics of experimental design to its own KSA. Engineering was deemed to be an optional domain, not essential to the specific KSAs required for solving biological problems.
Identify data that are relevant to the problem and Identify and use appropriate analytical methods were deemed sufficiently distinct to warrant separate KSAs. Similarly, Communication was included separately to emphasize the importance of being able to transparently write about and present scientific work, even though there are requirements for communication in several other KSAs, including Interpretation of results/output and Draw and contextualize conclusions. Finally, we recognized Ethical practice as a separate KSA, in spite of the inclusion of key attributes of ethical science in all of the PLDs relating to transparency, rigor, and reproducibility.
Identification of stages
Given these KSAs, and Bloom's taxonomy, stages on the developmental trajectory were articulated as follows:
Novice (e.g., early undergraduate/new to bioinformatics), Bloom's 1: remember, understand. Novices can engage with well-defined problems, with known solutions.
Beginner (e.g., late undergraduate, early Master's), Bloom's 2-3: understand and apply. Beginners may use, but not choose, tools; they can engage with well-defined problems and apply what they are told to apply; the answers may not be known, and the Beginner would stop once this was apparent.
Apprentice (e.g., Master's, early doctoral student), Bloom's 3-4, early 5: choose and apply techniques to problems that have been defined (either jointly or by others). The Apprentice can analyze and interpret appropriate data, identify basic limitations, conceptualize a need for next steps, and contextualize results with extant literature.
Early Journeyman (J1) (e.g., late doctoral student or just after graduation), Bloom's 5, early 6: begin to evaluate (review) and synthesize novel life-science knowledge, and to develop abilities to integrate bioinformatics into research practice, with some mentorship. The J1 Journeyman can contribute to problem formulation, shows earliest establishment of independent expertise in the specific life-science area, and can confidently integrate current bioinformatics technology into that area.
Late/advanced Journeyman (J2) (e.g., doctorate holder), Bloom's 5, late 6: expertly evaluate (review) and synthesize novel life-science knowledge, and integrate bioinformatics into research practice. The J2 Journeyman is independent and expert in a specific life-science area, and can select, apply and develop new methods. The J2 Journeyman formulates problems, considers the relevance of "what works" within this area to other life-science domains, so as to be an adaptable and creative scientific innovator without having to reinvent every wheel.
As already noted, PLD reviewers were instructed to determine whether two different developmental stages should be described for the independent bioinformatician on each of the KSAs. All KSAs were judged to require the two Journeyman levels.
Synthesizing KSAs, stages, and PLDs into the MR-Bi
As described earlier, 12 KSAs were defined, and PLDs were drafted and iteratively refined for each of the stages on the developmental trajectory. Refinements included, for example, ensuring that neither KSAs nor PLDs included specific tools, programs, or tasks (e.g., BLAST, Hadoop, creating GitHub repositories), because these may change over time but the KSAs will change less quickly, if at all. The results are shown in the MR-Bi in Table 1 .
In addition to the KSAs and PLDs, considerations for "evidence of performance" were incorporated into the MR-Bi (Table 1 ). As noted, the Mastery Rubric is a true rubric in the sense that learners can demonstrate their achievement of any given level on any KSA using a wide variety of evidence. The development of independence as a learner, and as a practitioner, requires a level of self-assessment that is not often considered in higher education and training. Learning the principles of ethical professional & scientific conduct. Seeks guidance to strengthen applications of these principles in own practice. Learning how to respond to unethical practice.
Practices bioinformatics in an ethical way, & does not promote or tolerate any type of professional or scientific misconduct. Seeks guidance in how/when to take appropriate action when aware of unethical practices by others.
Practices, & encourages all others to practice, bioinformatics in an ethical way. Does not promote or tolerate any type of professional or scientific misconduct. Takes appropriate action when aware of unethical practices by others.
Prerequisite knowledgebiology (includes statistical inference & experimental design considerations)
Basic knowledge of biology; littleto-no awareness of the uncertainty inherent in experimental designs common in the life sciences. Thinking about the life sciences is based on uncritical acceptance of information as "factual"or "true". Correctly uses data that are provided or can follow a script/ "recipe"to obtain (access, manage) relevant data to which they are guided. Cannot determine whether a given data-set or type is relevant for a given problem, but is developing an awareness that not all data are equally relevant, or equally well suited, to all research problems. Developing awareness of the features of data/data resources that constitute "relevance", & that these features must be assessed before choosing data to use. (Continued )
Validity evidence
The first step in validating the MR-Bi was to investigate the alignment of the KSAs with the competencies. While the competencies informed the refinement of the KSAs (see Supplemental Materials, Figure A in S1 File), our emphasis was nevertheless on the scientific method. To support the claim that the MR-Bi is valid for the domain, the final KSAs should support the competencies such that, if a curriculum develops the KSAs in learners to a sufficient level, then performance of the relevant KSA(s) should lead to the demonstration of target competencies. This alignment is presented in Table 2 , and assumes that each competency would be assessed as "present"/"absent": i.e., that all of its constituent parts are required for a person to be declared "competent" for that item. To perform the alignment, we took the highest Bloom's level of complexity described in the competency as the minimum required to successfully exhibit that competency. The essential features of Table 2 for purposes of validating the MR-Bi are:
1. almost every competency is supported by at least one KSA; and 2. each KSA supports the achievement of at least one competency. Table 2 suggests that the KSAs can support both sets of competencies, providing convergent as well as content validity. However, the table shows that several of the competencies were insufficiently articulated for alignment with any KSA. Two items (labeled with a � in Table 2) could not be aligned because they lacked actionable verbs: Recognition of the need for and an ability to engage in continuing professional development [19] and Human and social context [17] . Without actionable verbs, competencies cannot be taught or assessed in any systematic way. Three other items (labeled �� in Table 2 ) had potentially actionable verbs, but were insufficiently specified to align with any KSA: An understanding of professional, ethical, legal, security and social issues and responsibilities [19] ; Evaluate the impact of biomedical informatics applications and interventions in terms of people, organizations and socio-technical systems; and Analyze complex biomedical informatics problems in terms of people, organizations and sociotechnical systems [17] . In these cases, what constitutes the sufficient demonstration of the competencies is not discernable. By contrast, the PLDs in the MR-Bi contain actionable verbs describing the learner performing each KSA across stages, providing guidance to the learner about evidence that can demonstrate their achievements, and to the instructor about how to elicit such evidence.
Alignment of the MR-Bi with the principles of andragogy
The second aspect of validation was to consider alignment of the MR-Bi with principles of andragogy [43] . This alignment is explored in Table 3 . The results in Table 3 are derived from the design features of any Mastery Rubric but are also based on curriculum development, evaluation, or revision experiences in other Mastery Rubric development projects (i.e., [30] ; [48] ; [57] , respectively).
The Mastery Rubric construct itself was created to facilitate the development of higher education curricula; the MR-Bi is thereby similarly aligned with these core principles.
Discussion
Rubrics are familiar tools-often, scoring tables-to help instructors to evaluate the quality of, and hence to grade, individual pieces of student work in a consistent way. They typically contain quality descriptors for various evaluative criteria at specific levels of achievement [35] . When shared, so that instructors can use them for marking, and students can use them to plan/monitor/evaluate their own work, they have a positive impact on learning outcomes (e.g., [58] ; [59] ; [60] ).
The Mastery Rubric builds on this concept, but with a focus on entire curricula or training programs rather than on discrete pieces of work. As such, a Mastery Rubric provides an organising framework in which KSAs are clearly articulated, and their performance levels described and staged in such a way that they can be achieved progressively. Specifically, the framework has three components: i) a set of domain-relevant, and transferable, KSAs; ii) a defined set of developmental stages denoting progression along a path of increasing cognitive complexity, towards independence (if that is desired); and iii) descriptions of the range of expected performance levels of those KSAs. The interplay between these 'dimensions' affords the Mastery Rubric significant flexibility. In particular, it recognizes that individuals may be at different levels in different KSAs, and hence may have different speeds of traversal through them-thus, importantly, the measure of progression is not time, as in traditional educational systems [61] but rather, demonstrable acquisition of specific KSAs. This allows individuals (students, technicians or PIs) who wish to acquire bioinformatics skills to locate themselves within the matrix regardless of their current skill level or disciplinary background: for example, a person may be an Early Journeyman (J1) in biology (i.e., has earned a doctorate), yet be a Novice in bioinformatics; or a person may be an Apprentice-level computer scientist or 'engineer' yet a bioinformatics Beginner. For all learners, the MR-Bi not only identifies where they are, but it also makes the route from their current level of performance on any given KSA to a higher level explicit, without the need to articulate bespoke personal traits for individuals from every conceivable scientific background.
A strength of the MR-Bi is that it was developed and refined specifically to support decisions that are made by instructors and learners, and to promote and optimize educational outcomes. In this way, the MR-Bi can bring validity-a formal construct relating to the decisions that are supported by any test, score, or performance [62] ; [63] -to bioinformatics curriculum or training program development. Although it does not focus on subject-specific content, the MR-Bi should lead to curricula that produce similarly-performing graduates (or course completers) across institutions; that is, a curriculum or training program that uses the MR-Bi can Table 3 . How the principles of andragogy would be met with a Mastery Rubric like the MR-Bi. Table adapted from [57] , Table 4 , with permission.
Principle of andragogy
Met with a Mastery Rubric?
1 Adults are self-directed and internally motivated, and so can-and need to-take responsibility for choices that further learning objectives. The KSAs make explicit what learners need to learn to support both current and future practice. The trajectory offers justification for ongoing learning, while the PLDs describe readiness for the next learning goal. Together, these provide learners with a rationale for commitment and engagement throughout a curriculum.
5 Adult learners benefit from practical, authentic assessments and practice experience.
The Mastery Rubric supports instruction and curriculum design that emphasize authenticity and transferability of new knowledge (e.g., to new contexts) through: 1) KSAs that are relevant; 2) trajectories that support evolution through recognizable and practical stages; and 3) PLDs that represent the development of observable behaviors. Together, these three dimensions facilitate learners' selection of curricula, programs, or courses that support both current and future practice in the domain.
6 Adults are motivated to learn but need to be treated as partners in the learning enterprise, not as vessels to be filled.
The Mastery Rubric is intended to function as a contract between instructor and learner. Its three dimensions are intended to provide sufficient context to define and justify the responsibilities of learners and instructors as full partners in the learning enterprise. The orientation of the MR-Bi towards a particular definition of bioinformatics education [55] and, by extension, bioinformatics practice, should be recognized. The context in which MR-Bi users principally focus is assumed to be the life sciences; more specifically, that their ultimate learning goals are oriented towards solving biological problems using computational technology/techniques. Moreover, the developmental trajectories outlined by the PLDs, and the choice of focal KSAs, support bioinformatics education and training that seek to move individuals towards independence in their practice of-or contributions to-science. Accordingly, the KSA-extraction process was heavily influenced by models of the scientific method and scientific reasoning (following [44] and [45] ). It is therefore important to emphasize that using the methods described here, other investigators might generate different KSAs if neither independence nor the scientific method are essential to their objectives.
Further, although we considered competencies for both bioinformatics and medical/health informatics, the PLDs for the MR-Bi were devised by bioinformaticians-for bioinformaticians. If the goal were to derive a Mastery Rubric specific for medical/health informatics, and scientific independence was similarly important, then the same process of PLD development described here could be used; the resulting Mastery Rubric would have virtually the same KSAs, but with Prerequisite knowledge-biology, replaced by Prerequisite knowledge-medical informatics/health informatics/health systems (as appropriate). The PLDs in that Mastery Rubric would then be tailored to describe achievement and development of the health informatics practitioner.
It is also worth noting that the high-level stage descriptions (top of Table 1 ), which informed the PLD-drafting process, broadly track the typical development of an undergraduate who progresses to graduate school. It could be argued that these definitions are too rigid. After all, individuals differ in their motivation, and in their capacities and attitudes towards learning and growth; thus, in the 'real world', an undergraduate class may include students with behaviours and attitudes characteristic of Novice and Beginner levels of cognitive complexity (or, exceptionally, Apprentice level). Hence, if challenged with advanced training methods (e.g., introducing novel research projects into undergraduate biology curricula), some students in the class will be receptive to being pushed beyond their intellectual 'comfort zones', while many will resist, being more comfortable with lectures and "canned" exercises with known results (e.g., [64] ). Nevertheless, the broad descriptions in Table 1 were ultimately those that resonated with our own practical experiences of bioinformatics education and training at all stages, and for pragmatic purposes the mapping was therefore necessarily general, like any true rubric.
It should be stressed that creating any kind of 'framework' to support the development of competencies involves numerous stakeholders and is hugely time-consuming, not least because marrying multiple stakeholder views is hard. For example, the current version of the European e-Competence Framework for Information and Computing Technology skills (http://www.ecompetences.eu) has taken more than 8 years to develop; similarly, the bioinformatics competencies have been evolving over at least the last 6 years-inevitably, few aspects escape dissent when stakeholders from very different backgrounds, with disparate student populations and different educational goals attempt to achieve consensus [65] . Likewise, formulation of the current version of the MR-Bi has taken more than 2 years, and further refinements are likely to be required with future additional stakeholder input.
Amongst the many challenges for initiatives developing competency frameworks is the lack of a standard vocabulary. In consequence, while the MR-Bi describes knowledge, skills and abilities, the European e-Competence Framework refers to knowledge, skills and attitudes, and the BioExcel competency framework to knowledge, skills and behaviours [66] . We use abilities because they are observable and connote more purposeful engagement than do attitudes or behaviours, and this is the terminology used in discussions of validity in education/educational assessment (e.g., see [53] ).
Mastery Rubrics have strengths that can be leveraged by institutions, instructors, and scientists. They support curriculum development in any education program, making concrete and explicit the roles-and contributions-of learner and instructor. Since it was developed as a tool for curriculum development, it may be difficult to conceptualize how the MR-Bi can be used to support the development of short training programs or courses. Nevertheless, even in the absence of a formal curriculum, for stand-alone and/or linked courses, the Mastery Rubric can help i) instructors to focus on prerequisite knowledge and learning objectives that are timedelimited; and, ii) learners to identify targeted training opportunities and thence to track their personal/professional development with the PLDs and KSAs.
For example, a possible application of the MR-Bi could be the classification (or development) of teaching/training materials and courses according to which KSAs they support, where learners should start (at which stage of each KSA) in order to benefit optimally from the training, and to which stage a given training opportunity proposes to bring them. Another important application of this tool could be the revision of existing courses and materials so that they explicitly support learning/demonstration of targeted KSAs at a given level. The integration of MR-Bi features into teaching materials would both provide guidance to the self-directed learner, and support the standardization of teaching and learning goals across instructional materials, and across formal and informal bioinformatics training programs worldwide. The MR-Bi is therefore a timely contribution to current global conversations and initiatives (including ELIXIR's Training e-Support System [67] , [68] , which is championing the uptake of Bioschemas.org specifications for sharing training materials [69] ; the training portal of the Global Organization for Learning, Education, and Training [70] ; the Educational Resource Discovery Index [71] ; and The Carpentries [72] ) about standardizing and sharing training resources, and best practices for personalizing and customizing learning experiences.
Conclusions
In recent years, concern about the growing computational skills gap amongst life scientists has prompted the articulation of core bioinformatics competencies, aiming to facilitate development of curricula able to deliver appropriate skills to learners. However, implementing competencies in curricula has proved problematic: this is partly because there are still disparate views on what it means to be a trained bioinformatician, and partly also because competencies are actually complex, multi-dimensional educational end-points, making it difficult to achieve a common understanding of how to deliver requisite training in practice (e.g., [65] ; [56] ). These problems have led some researchers to suggest refinements to bioinformatics competencies, including the identification of phases of competency, and the provision of guidance on the evidence required to assess whether a given competency has been acquired [20] ; others have already revised their competency-based framework to include learning trajectories, charting the progression of individuals' abilities through defined stages via milestones [28] .
Cognisant of these issues, we have devised a Mastery Rubric-a formal framework that supports the development of specific KSAs, and provides a structured trajectory for achieving bioinformatics competencies. Importantly, it prioritizes the development of independent scientific reasoning and practice; it can therefore contribute to the cultivation of a next generation of bioinformaticians who are able to design rigorous, reproducible research, and critically analyze their and others' work. The framework is inherently robust to new research or technology, because it is broadly content agnostic. It can be used to strengthen teaching and learning, and to guide both curriculum building and evaluation, and self-directed learning; any scientist, irrespective of prior experience or disciplinary background, can therefore use it to document their accomplishments and plan further professional development. Moreover, the MR-Bi can be used to support short training courses by helping instructors to focus on prerequisite knowledge and on learning objectives that are time-delimited. Specifics on how to accomplish these are the topics of our ongoing work. Figure (Figure A) with examples (Text A), and full listing of all competencies (Table B) . (DOCX) 
Supporting information
S1 File. Cognitive Task Analysis Methodology (Table A) and
